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(54) Capacitance control for a static var generator

(67) Improved control of a var generator of the static type using thyristors is accomplished by generating a
capacitance command C¥, as opposed to a current command or a var command. The gating times or angles of the
thyristors are determined by the capacitance command acting through an intermediate control which may be an
open-loop feed-forward control or a closed loop feedback control operating in response to the difference between the
capacitance command and a capacitance feedback C,, or a combination of both these types of control. The effect of
the capacitance control is to provide an improved response of the var generator for changes in source voltage or
frequency. The capacitance control also provides an improved linearity of control,
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SPECIFICATION
Capacitance control for a static var generator

Cross reference to related applications

This application is related to the following United States patent applications, which are assigned to the
assignee of the present invention and which are hereby incorporated by reference:

U.S. Serial No. 508,599 (GE Docket 21-DSH-2648), entitled, “‘Control For A Force Commutated Current
Source VAR Generator”, filed on 28 June, 1983, in the names of David L. Lippitt and Loren H. Walker; and

U.S. Serial No. 508,712 (GE Docket 21-DSH-2650), entitled, “Thyristor Voltage Limiter For A Current Source
Inverter”, filed on 28 June, 1983, in the name of Loren H. Walker.

Background of the invention

This invention relates generally to a method and means for controlling the power factor, the phase angle
between current and voltage, of alternating current (AC) transmission lines supplying power to a time
varying load and more particularly to a static var (volt-amperes reactive} generator which functions as a
variable reactance utilized for load compensation the power factor correction on such transmission lines.

While rotating synchronous condensers and banks of mechanically switched fixed capacitors or inductors
have been used in the past for var compensation and power factor correction, recent advances in high power
thyristor technology have resulted in the development of controllable static var sources, commonly referred
to as var generators. One known general class of var generators, known as current source var generators,
comprises a six pulse AC to DC (direct current) converter with the AC terminals connected to the AC
transmission lines and the DC terminals shorted through a DC inductor. A particular type of that class utilizes
for its six pulse AC to DC converter the inverter section of a controlled current inverter (CCl).

As disclosed in a publication entitled, ’Reactive Power Generation And Contro! By Thyristor Circuits’ by
Laszlo Gyugyi, which appeared in the /EEE Transactions On Industry Applications, Vol. 1A-15, No. 5,
September/October, 1979, pp. 521-5632, a current source inverter utilized as a var generator may be either
naturally commutated or force commutated. The naturally commutated inverter can only provide lagging
vars, while the force commutated inverter can provide both lagging and leading vars. A naturally
commutated inverter is comprised of a simple bridge of six thyristors, while a force commutated inverter
includes a bridge of six thyristors, series connected diodes and cross coupling capacitors, both circuits being
well known to those skilled in the art. A naturally commutated inverter can only operate when the thyristors
are fired at such delay angles where the DC current is naturally transferred from one pair of thyristors to the
next and thus operates as a controllable rectifier where the deiay angle of thyristor firing is restricted to the
range of 0° to 180°. By gating the thyristors near 90° lagging; that is, where the AC current lags the voltage by
90°; a voltage of nearly zero volts DC will be generated and the current in the inductor can be controiled by
slight changes (advances) in gating angle. Accordingly, the circuit appears as a continuously variable
balanced three phase inductor across the AC line, a source of controllable lagging vars.

In the force commutated inverter configuration, however, the thyristors act like gate turn-off devices
capable of being operated over the total firing angle range of 0° - 360° and can thus provide both leading and
lagging line currents and, accordingly, can selectively act both as a variable balanced three phase capacitor
or inductor.

While it is possible to control a force commutated thyristor bridge as a current source var generator
(CSVG) in both leading and lagging quadrants, it inherently exhibits a control characteristic which is highly
non-linear, includes very large and variable transport delay, and has different control characteristics in
leading operation as opposed to lagging operation.

Summary of the invention

Itis, therefore, an object of the present invention to provide an improvement in var generators and their
method of operation.

Itis a further object to provide an improvement in the control of current source var generators.

It is another object of the invention to provide a linear control of a current source var generator while
operating in both leading and lagging quadrants.

It is still a further object of the invention to provide a current source var generator which exhibits a linear
control characteristic with uniform dynamic response.

It is still another object of the invention to provide a current source var generator which exhibits a linearly
uniform dynamic response over the entire range of loads from high lagging vars through zero to high
leading vars.

It is still a further object of the present invention to provide a var generator whose control characteristics
are uniform for changes in line voltage or frequency.

It is still a further object of the present invention to provide a var generator which appears transiently as a
positive or negative capacitor on the power source.

The foregoing and other objects are achieved by recognizing the fact that the control characteristic of a var
generator comprised of a force commutated current source inverter including a thyristor bridge is
substantially non-linear. This non-linearity involves a wide range of gain in vars as a function of gating angle.
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A negative feedback regulator cannot provide both stability and satisfactory regulation of the var generator
over a range of operating points where the basic system gains vary so widely. The method and apparatus
described with respect to the aforementioned copending application, Serial No. (GE Docket
21-DSH-2648) provides satisfactory control of the var generator by establishing a static operating point of the
generator by a feed-forward function generator which models the system non-linearities, and then
combining this with a conventional negative feedback regulator which controls the dynamic operation and
corrects for errors between the feed-forward model and the true system being controlled. improved
transient response is achieved by driving the feed-forward function by a summation of a var command
signai and var feedback signal indicative of the present level of vars. Similar dynamic response in both
leading and lagging operation is thus provided. The present invention is directed to a further improvement in
var generators which causes the non-linear model to remain valid as a function of frequency and line voltage
magnitude and comprises generating and substituting a capacitance command and a capacitance feedback
for the var command and the var feedback signals.

Brief description of the drawings

While the present invention is defined in the claims annexed to and forming a part of this specification, a
better understanding can be had by reference to the following description when taken in conjunction with
the accompanying drawings in which:

Figure 1is an electrical schematic diagram of a force commutated current source var generator in
accordance with the known prior art;

Figure 2 is a graph illustrative of the control characteristic of a force commutated current source var
generator such as shown in Figure 1;

Figure 3 is an electrical biock diagram generally illustrative of an embodiment of a circuit for linearizing the
control of the current source shown in Figure 1;

Figure 4is an electrical block diagram of the preferred embodiment of capacitance type control circuitry in
accordance with the present invention for controlling the var generator shown in Figure 1.

Detailed description

Referring now to the drawings and more particularly to Figure 1, reference numeral 10 denotes a three
phase (30) alternating current (AC) power source, including local inductive reactances 12, 14 and 16, coupled
to a force commutated current source AC to DC inverter (CCl) 20 by means of AC power lines 22, 24 and 26
connected to AC terminals 23, 25 and 27. The current source inverter 20 is comprised of a force commutated
thyristor bridge, well known to those skilled in the art, comprised of six thyristors 284, 28; ... 28¢, respectively
series connected diodes 304 30; ... 305 and six cross-coupling capacitors 32, 32, ... 32s. Further, as shown in
Figure 1, an inductor 34 is connected across DC output terminals 33 and 35 of the thyristor bridge by means
of circuit leads 36 and 38. A thyristor gating or “firing"” circuit, not shown, is adapted to be connected to the
respective gate electrodes of each of the thyristors 28,, 28, ... 28 for sequentially firing the thyristors ata
predetermined delay angle, measured from the earliest point of natural commutation, and which comprises
the zero crossing points of the line-to-fine voltages in a three phase AC system.

Further as is well known, the force commutated current source inverter 20, being inductively loaded by the
inductor 34, provides a var generator which is adapted to provide either lagging or leading vars (reactive
volt-amperes) to compensate for a mutually opposite type of load reactance of a load impedance, not shown,
connected to the AC source 10. Such a load impedance typically comprises relatively large lagging
{inductive) loads such as electrical machines and line commutated thyristor motor drives. By supplying a
reactive power component (vars) substantially equal to and opposite the reactive component of the load, a
tuned system is provided which appears substantially as a resistive AC impedance operating to provide a
maximum power transfer to the load. The var generator may be controlled to provide strategies other than
unity power factor; for example, a strategy for minimum voltage distrubance due to the varying load.

The var generator 20 shown in Figure 1 has an operational characteristic such as is illustrated in Figure 2.
This characteristic is shown by a graph depicting the relationship between vars, both lagging and leading,
versus the firing delay; i.e., the lagging gate angle « of the thyristors 28, ... 28s. This characteristic can be
explained in the following manner. If the circuit configuration of Figure 1 were a simple bridge of the six
thyristors without the series diodes and commutating capacitors, it would simply operate as a controllable
rectifier which provides a DC voltage across the inductor 34 which is controllable by varying the delay in
gating the thyristors. By gating the thyristors near 90° lagging, i.e., where the current lags the line voltage, a
voltage of nearly zero volts DC will be generated and the DC current in the inductor 34 can be controlled by
slight changes, such as advances, in gating angle as shown by the linear portion 40 of the characteristic
curve shown. With the diodes 30, ... 30g and the capacitors 32, ... 32¢ being included, however, a turn off
capability for the thyristors 28, ... 28; is provided which permits gating over the total firing angle range of 0°-
360° and thus a source of leading vars is obtainable. Accordingly, if the gating is changed to 90° leading,
which is equivalent to and thus corresponds to 270° lagging of Figure 2, the DC output voltage will be zero as
it is at 90° lagging. The current level in the inductor will still be controliable by the choice of gating angle, but
an advancement of the gating angle; i.e., backing off from 270° will decrease the current according to the
non-linear characteristic portion 42 of the actual characteristic shown in Figure 2. This non-linear leading
characteristic 42 is determined by the time it takes to reverse the voltage on the particular commutating
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capacitor each time a thyristor is gated on in leading operation. This time is typically 30° at maximum DC
current at 60Hz. This time, moreover, is the delay between gating a thyristor and the initiation of current in
the corresponding series diode. In order to draw current from the AC line, the diodes must begin conduction
at 90° leading, or 270° as shown in Figure 2. Thus at maximum leading vars, the thyristors are gated at a =
240° lagging, which is 30° ahead of 270° lagging; i.e., 90° leading.

The delay between thyristor and diode comrmutation is approximately proportional to the reciprocal of DC
current. This characteristic applies until a current is reached, at which the delay in diode conduction is 120°
which exists where gating the thyristors occurs at 270° — 120° = 150° and which occurs at point 44 of the
characteristic curve shown in Figure 2. Current refuses to decrease below this minimum level even though
gating angle is changed towards 90° as evidenced by the portion 46 of the characteristic curve due to the
existence of the commutating capacitance. The value of the minimum current is given by the expression:

lae{min) = Vg V2 w3 Cy

where, Vs 1/ 2 is the peak line-to-line source voltage, w is the source frequency in radians per second, and C,
is the capacitance of one of the commutating capacitors 324 ... 32.

When the gating is advanced further, approaching 90° lagging (Figure 2), the conduction periods of the
diodes 30, ... 305 overlap until five of the six diodes are in conduction at all times and the capacitors 321 ... 32
cease to act as commutating capacitors, thus giving rise to the controllable rectifier operation referred to
above. The conducting diodes connect the capacitors directly across the AC source 10 and the thyristors 28,
... 285 1o freely pass DC current to the inductor 34, giving rise to the linear characteristic portion 40 of the
curve. The gating angle regions 48 and 50 denote excess current regions which are not utilized because they
cause a large positive DC voltage across the inductor, and thus cause excessive DC current.

Referring now to Figure 3, shown is a means for converting the operation of the current source var
generator 20 to Figure 1, and having a characteristic as shown in Figure 2, into a var generator having a
substantially linear uniform dynamic response while generating both lagging and leading vars. The force
commutated current source inverter (CCl) 20 (Figure 1) is shown in Figure 3 coupled to a thyristor firing
circuit 52, forming thereby a var power circuit 54 which is coupled to the three piiase AC source 10 by means
of the power lines 22, 24 and 26 and isolating reactors 23, 25, 27. The AC source 10 is further shown coupled
to a load 56 comprising, for example, a motor load via the three phase supply lines 58, 60 and 62, and a fixed
capacitor bank 64 connected to the motor load terminals via power lines 59, 61 and 63. The fixed capacitor
bank 64 serves to partially correct or compensate for the inductance of the load.

Since a motor loads has a reactance characteristic which fluctuates over a relatively wide range during its
operation, a variable source of compensation is needed and is provided by the CCl var generator 20. The var
generator 20 is controlled by a firing angle command signal a * generated in response to a var command
signal (VAR*) and a var feedback signal (VAR FDBK).

The var command (VAR*) can be generated as shown in Figure 3 to implement a unity power factor
control. Var calculator means 67 senses two currents |, and two line voltages V+to calculate the total
reactive volt-amperes in the load and capacitor bank in a manner substantially like a conventional two
watt-meter arrangement. This signal LOAD VARS appears on line 69. It is inverted by inverter 71 and applied
as the VAR* signal to the var generator on line 73. By commanding the var generator to produce vars which
are the negative of those in the load and capacitors, a net zero vars will be drawn from the AC source 10, and
the load will appear as unity power factor.

The VAR FDBK signal is generated by a var calculator circuit 66, which can be configured identically to car
calculator 67, and senses two of the line currents ly and two of the line voltages Vy appearing, for example,
on lines 22 and 26 of the AC power line connecting the current source converter 20 to the AC source 10.
When desirable, an electronic meter circuit configuration may be utilized.

The firing angle command signal «* is shown in Figure 3 comprised of the summation of two alpha («)
signals applied to a summing junction 68, the first signal being generated by a linear feedback control circuit’
70 while the second signal is generated by a non-linear feed-forward control circuit 72. The feedback circuit
70 is operable to essentially control the generation of its firing angle « in response to the error between a var
command VAR* and a var feedback VAR FDBK signal whereas the feed-forward circuit 72 is operable to
essentially control the generation of its control signal « in response to the sum of the VAT* and VAR FDBK
signals.

As is shown in Figure 2, the control characteristic for lagging vars is substantially linear, whereas the
control characteristic for leading vars is non-linear. Accordingly, the linear feedback circuit 70 includes a
linear regulator circuit 74 having an input signal which is the difference or error signal between the var
command signal VAR* and the var feedback signal VAR FDBK and comprises the output of a summing
junction 76 to which these signals are applied. The regulator 74 is shown being a proportional plus integrai
type controller comprised of, for example, operational amplifier configured to operate as a gain amplifier
having a transfer function of
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where S is a LaPlace operator, T is a time constant, and K is a gain constant. This amplifier, when desirable,
could also have a simple gain. The output of the regulator 74 is fed to a signal clamp 78 which is adapted to
limit the variable output of the regulator 74.

The feed-forward circuit 72 includes a non-linear active network which is designed to have a signal transfer
function which matches the actual static characteristic of Figure 2, that is, being responsive primarily to the
var command signal VAR¥, Blocks 82 and 84 represent signal translation devices having a gain signal
transfer function given by K and 1-K, respectively, where K ranges between 0.5 and 1.0. If K is equal to unity,
then the function of block 72 would be to provide to summing junction 68 the proper value of gating angle
alpha corresponding to the var command. Thus the feedback network 70 would provide the dynamic forcing
and precise error correction to the value of alpha, while the feed-forward network 80 provides the static set
point.

In order to maintain similar dynamic response in both leading and lagging operation, itis necessary to
restrict the dynamic operation of the non-linear network 80 inasmuch as the transfer function includes a very
high gain region near zero vars in the leading quadrant. This high gain can provide relatively high angle
commands for small changes in var command in this region. This effect is offset by supplying an input signal
to the network 80 partly comprised of the var command signal VAR* which is coupled thereto by signal
scaling circuit element 82 and partly by the var feedback signal VAR FDBK signal which is applied by signal
scaling circuit element 84 with the scale factors or gains of the two circuit elements 82 and 84 being selected
to have a sum equal to unity by being equal to K and 1-K, respectively. As shown in Figure 3, the two circuit
elements 82 and 84 are coupled to a summing junction 86 which generates a composite drive signal which is
then coupled to the input of the non-linear network 80.

Thus, in steady state when the var command signal VAR* and the var feedback signal VAR FDBK are
substantially alike, the composite input signat io the network 80 is equal to the operating point dictated by
the signal VAR¥ and the output therefrom is set at the appropriate firing angle command o*. When the var
command signal VAR* moves dynamicaily and the var generator 20 has not as yet responded, the forcing
function provided by the non-linear network 80 is reduced by the factor K. By setting the scaling factors of K
and 1-K at the proper magnitudes, typicaily K = -75 anf 1-K = -25, the transient response in leading operation
can be made similar to that lagging operation so that the overall transient response is substantially uniform
at all operating points.

[t should be noted that the control provided by the combination of the linear feedback circuit 70 and the
non-linear feed-forward circuit 72 results in a regulation of reactive volt-amperes (vars) rather than DC
current. 1 DC current through the inductor 34 were regulated, the control of the subject invention would have
to have a reversal of sense at the transition from leading to lagging operation and thus would be difficult to
operate at zero vars. Furthermore, the use of a combination of non-linear feed-forward control and linear
feedback control provides a precise control that is fast responding, linear and stable.

When the load 56 connected to the three phase AC source 10 comprises an inductive load such as a motor,
the question arises as to the need for both lagging and leading var generation for compensation since a
motor load comprises an inductive reactance load impedance which primarily requires leading var
compensation. lt should be pointed out, however, that the fixed compensating capacitance 64, coupled
across the load 56, itself requires compensation when the load 56 becomes ineffective and virtually
disappears s0 that the AC source 19 becomes effectively capacitively loaded, requiring lagging var
compensation. Thus with the control configuraton disclosed in Figure 3, a linear control is provided over the
entire range of loads from high lagging vars through zero to high leading vars.

The var generator of Figure 1 has an inherent characteristic in that at a fixed value of alpha its var output is
a linear function of frequency and a squared function of voltage magnitude and thus when line voltage or
frequency is varied, the non-linear network 80 of Figure 3 does not generate a correct value for the gating
angle command signal o* as a function of var command signal. To this end, reference will now be made to
Figure 4 which discloses an improvement in the control of the var power circuit 54 so that its non-linear
compensation remains constant; i.e., requiring no change of firing angle, when source line voltage or
frequency changes.

It can be observed that the operational characteristic of the current source var generator in leading
operation, at a fixed gating angle o, are those of a fixed capacitor. As is well known, the magnitude of the
current | drawn from an AC source by capacitor is:

i<

|===VuC (2)

x

<

where V is the source voltage, X, is the capacitive reactance and equal to 1/w C, Cis the capacitance, w is
equal to 2 wf, and f is the source frequency. Furthermore, the reactive volt-amperes or vars drawn by the
capacitor C is leading and can be expressed by a signal VAR as:

VAR =V x | = V2uC (3)
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Accordingly, if a source of leading vars, such as that shown in Figure 1, were to be dimensioned in terms of
an equivalent capacitor, which in fact it is not, then the equivalent capacitance C would be expressed by the
equation:

VAR
C=\72; (4)

Equations (3} and (4) describe not only the capacitor, but the inherent characteristic of a current source var
generator with fixed gating angle. Since the inherent characteristic of the current source var generator 20 in
leading var operation is to act not as a fixed source of vars, but as a fixed capacitor, then if the thyristor firing
circuit 52 shown in Figure 3 were driven such that it receives a capacitance command signal C* instead of a
var command signal VAR* for control of the delay of the inverter thyristor firing angle o and regulated with a
capacitance type feedback signal Cy, for example, then its response to changes of voltage and frequency will
be constant with respect to its command and will provide the required var compensation for line voltage
changes without a change in gating angle and its non-linear network 80, acting to provide the primary
control for the angle command signal a* in leading operation, will still provide a valid model of the var
generator 20 at all values of line voltage and line frequency.

Referring now to Figure 4, there is illustrated an improved control of the system shown in Figure 3.

The improvement comprises the inclusion of a var command generator and capacitance control means
now to be described. Whereas the var command generating means of Figure 3 tends to maintain a constant
power factor, the var command generator circuit biock 21 of Figure 4 causes the var generator to maintain
constant line voltage rather than constant power factor. Further, the capacitance control elements identified
by functional blocks 172, 186, 188 and 190 maintain the control characteristics of the var generator; i.e., the
var power circuit 564 substantially constant as a function of both line voltage and frequency.

As shown, the var command generating means 21 of Figure 4 replaces elements 67 and 71 of Figure 3. The
var calculator 176 of Figure 4 serves the same function as the var calculator 67 of Figure 3. However, the
power calculator 178, the phase shifter 180 and the non-linear transfer function biock 181, as well as the
summing junction 182 are combined with var calculator 176 to provide a var command signal on signal jead
184 which acts to cause constant line voltage at V+ undisturbed by the load, not shown, but which
corresponds to the load 56 of Figure 3. Considering now Figure 4 in greater detail, first an integrator 172,
having a transfer function of 1/, (S is a LaPlace operator), is coupled to the source voltage Vy of the AC
source 10 which exists across the power lines 58, 60 and 62. The integrator 172 operates to smooth the AC
voltage wave, shifts its phase by 20° lagging and causes an output voltage V+/o to be provided, having an
amplitude which is proportional to the reciprocal of frequency since @ = 2 . This voltage, V1/0, which
appears at circuit junction 174 is applied to the var calculator 66 instead of the heretofore voltage Vr as
shown in Figure 3. Additionally, the V+/w output of the integrator 172 is fed to a second var calculator circuit
176 and also to a power calculator circuit 178 after having been fed through a 90° leading phase shifter 180
which counteracts the lagging 90° phase shift provided by the integrator 172 so that the load current I, and
the Vr/w are again in phase. Both the var calculator 176 and the power calculator 178 have an input signal
applied thereto corresponding to the load current |, developed as shown in Figure 3, and comprise
multiplier circuits which may be configured in any convenient manner. Specificaily these calculators may be
polyphase rather than single phase as shown. Since the output of the integrator 172 has an output which is
proporticnal to the reciprocal of frequency, the output of the var calculator circuits 66 and 176 and the power
calculator circuit 178 will be in terms of vars/w and watts/w, respectively. The output of the power calculator
178 is next fed to a network 181 which has a non-linear transfer function Fy, as shown, for converting power
P to an equivalent reactive power Qr to provide a var command signal in terms of Q*y/w. This signal is
applied to a summing junction 182 and differenced with the output Q /@ of the var calculator 176 which in
effect provides a var signal of the load 56 and capacitors 64, shown in Figure 3, so that a var command error
signal Q*\/w appears on signal line 184,

Further as shown in Figure 4, a signal Vr corresponding to the line-to-line source voltage appearing on the
AC power lines 58 and 62 is applied to a squaring circuit 186, typically a multiplier, which provides an output
signal corresponding to the square of the source voltage, i.e., V2. This multiplier 186 may accept a
polyphase input voltage Vr rather than single phase as shown, This signal V3;is commonly coupled to two
circuits 188 and 190, which are respectively coupled to the var calculator circuit 66 and the summing junction
182 and which are typically analog divider circuits to implement the inverse function 1/V?. Whereas the var
calculator circuit 66 performs a reactive voltage ampere calculation with an input of V1/w to provide an
output in terms of vars/w, the transfer function of the circuit 188 coupled to the var calculator 66 converts the
var feedback signal to a capacitance feedback signal Cy since it comprises a signal equal to Qy/V?w, which
signal corresponds to equation {4). Thus a feedback signal is applied to summing junction 76 and to scaling
circuit 84 which comprises a capacitance signal rather than a reactive volt-ampere (vars) signal. Similarly,
the circuit 190 converts the var command signal Q*y/w to a capacitance command signal C* by multiplying it
by 1/V% to generate a signal of Q*/V2;0. A capacitance difference signal C*¢ from the summing junction 76
is now applied to the linear regulator circuit 74 described with reference to Figure 3 and operation proceeds
in both the leading and lagging quadrants as heretofore explained. Thus if the task of the var generator 20 is
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fo tune out the fixed capacitor 84, then the natural characteristics of the var controlier shown in Figure 5 are
ideal since it will act as a negative capacitor and track the natural characteristics of the fixed capacitor as
either source voltage or source fraquency changes. If should also be noted that a fixed inductor will tune a
fixed capacitor as voltage varies but not as frequency varies. However, a negative capacitor, as effectively
generated in the circuitry of Figure 4, tunes a fixed capacitor at all voltages and frequencies. Additionally, if it
is the task of the var generator to compensate for the reactive current of a phase controlled motor drive, for
example, its characteristics as a positive capacitor are not exactly ideal but are nevertheless in the correct
sense to provide correct compensation as source voltage varigs, since at a given speed and torque, the drive
draws a lagging reactive current which increases with line voltage and the simulated capacitance draws a
leading current which varies similarly. This is true whether the drive is motoring or regenerating and
independent of the operating speed. But, the rate of change of reactive current with respect to voltage
change is highly variable. Hencs, the natural characteristic of the artificial capacitance as provided for in the
circuit configuration of Figure 4 provides a highly desirable means of controlling the var generator to provide
a natural compensation for the ariation of the load as eource voltage or frequency variss.

While there has been shown and desarinbed what is at prasent considered to be the preferred embodiment
of the invention, it is evident that this control could, when desirable, be implemented in a digital computing
coniroller. This and other modifications thereto will readily cecur to those skilled in the art. It is not desired,
therefore, that the invention be limited to the specific arrangements shown and described, but it is intended
to cover in the appended clainis all such modifications as fall within the frue spirit and scope of the invention.

CLAIMS

1. A control circuit for a static var generator comprising:

(a} avar generator including a plurality of controiled rectifiers coupled tc an alternating current source;

(b) means responsive to a gating angle command signal for controlling the firing angle of said controlled
rectifiers for generating vars;

{c) means for establishing a capacitance command signal; and

{(d) control means coupled ic and being responsive to said capacitance command signal for generating
said gating angle command signal.

2. The control circuit of ¢laint 1 and further comprising:

{e] means for establishing another capacitance signal corresponding to the effective capacitance of said
var generator on said alternating current source; and

wherein said control means (dj is responsive to both said capacitance command signal and said another
capacitance signal for generating said gating angle command signal.

3. The control cireuit of claim 1 wherein said var generator (a) comprises a force commutated inverter.

4. The control circuit of claim 3 wherein the controlled rectifiers of said inverter comprise thyristors.

5. The control circuit of claim 3 and further comprising:

{(e) means for establishing a capacitance signal corresponding to the effective capacitance of said force
commutated inverter on said alisrnating current source; and

generating said gating angle =and signal.

6. The conirol circuit of claim 1 wheisin said var generator (a) comprises an inductively loaded force
commutated inverter, said inverisr thereby operating as a current source var generator.

7. The control circuit of clairm 8 whersin the controlled rectifiers of said inverter comprise thyristors.

8. The control circuit of ciaim € znd further comprising:

(e) means for establishing a capacitance signal corresponding to the effective capacitance of said
inductively loaded force commuiated inverter on said alternating current source; and

wherein said control means {d} is responsive to a combination of both said capacitance signals for
generating said gating angle command signal.

9. The control circuit of claim 1 whersin said var generator (a) comprises a thyristor inverter having both
leading and lagging modes of opsiation for generating leading and lagging vars.

10. The control circuit of claim & and furiher comprising:

(e) means for establishing a capacitance feedback signal corresponding to the effective capacitance or
said inverter of said alternating current source; and

wherein said conirol raezns (d) is responsive to said capacitance command signal and said capacitance
feedback signal for generating said gating angle command signal.

11. The conitrol circuit of claim 1 wharein said var generator (@) comprises an inductively loaded force
commutated thyristor inverter operating as a current source var generator and having a predetermined
operating characteristic; and

wherein said control means {d) has a signal transfer function which models at least a portion of said
operational characteristic of said var generator.

12. The control circuit of claim 11 wherein said control means (d) has a signal transfer function which
models substantially all of the operational characteristics of said var generator.

13. The control circuit of claim 11 wherein said operating characteristic of said var generator (a} is
generally non-linear and wherein said signal transfer function of said control means (d) comprises a
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non-linear transfer function.

14. The control circuit of claim 1 wherein said var generator (a) comprises an inductively loaded force
commutated thyristor inverter having a non-linear operating characteristic and said controlled rectifiers
comprise thyristors;

wherein said control means (d) has a signal transfer function which models at least a portion of the
non-linear operating characteristic of said inverter; and further comprising:

(e) means for establishing a capacitive feedback signal corresponding tc the effective capacitance of said
inverter on said alternating current source; and

wherein said control means (d) is responsive to both said capacitance command signal and said
capacitance feedback signal for generating said gating angle command signal.

15. The control circuit of claim 14 and further comprising:

{f} means for generating a summation signal from said capacitance command signal and said
capacitance feedback signal, and wherein said control means (d) is responsive to said summation signal.

16. The control circuit of claim 15 and further comprising:

(g} means for establishing a difference signal from said capacitance corminand sighal and said
capacitance feedback signal;

(h) another control means coupled to and being responsive to said diffeience signal for generating
another gating angle command signal;

(i} means for combining said first recited gaiing angle command signal and said another gating angle
cormnmand into a composite angle command signal; and

wherein said composiie angle command signal is applied to said means (b) for conirsiling firing angle.

17. The control circuit of claim 16 wherein said another conirol means {h) has a substantially linear signal
transfer function.

18. The control circuit of claim 16 and further comprising:

(i) means for scaling said capacitance command signal and said capacitance feedback signal by signal
gain factors K and 1-K, respectively, where K is equal tc or less than uniiy, and

wherein said means (f) for establishing a summation signal establishes a summation signal of the scaled
capaciitance command signal and the scaled capacitance feedbzck signal.

19. The conirol circuit of claim 1 wherein said plurality of controlled rectifiers of said var generator (a)
comprises a plurality of thyristors and wherein said means (c} for establishing a capacitance command
signal comprises:

(i) means for establishing a var command signal corresponding to a command for vars; and

(i) means for converting said var command signal to said capacitance command signal.

20. The control circuit of claim 19 wherein said var generator (a) comprisss an inductively loaded force
commutated thyristor inverter.

21. The control circuit of claim 1 wherein said aliernating current source supplies current and voltage to a
load;

wherein said plurality of controlled reciifiers of said var generator (a) comnprise a plurality of thyristors;
and

wherein said means (c) for establishing a capaciiance command signai comprises:

(i) means for providing a current signal i, proporiional io the current supplied o the load;

(ii) means for providing a voliage signal V+ proportional to the voltage supplied io the load;

(iiiy means for converting said voltage signal V1 to a frequency related votage signal Vi/w where w = 2w f
and f corresponds to source frequency;

(iv) means coupled to said current signal and said frequency relaied valtage signal for generating a var
command signal; and

(v) means coupled to said means for generating vars for converting said var command signal to said
capacitance command signal.

22. The control circuit of claim 21 wherein said var generator (a) comprises an inductively loaded force
commutated thyristor inverter.

23. The control circuit of claim 22 wherein said signal converting means (iii) comprises signal integrator
means;

wherein said var signal generating means (iv) includes:

first circuit means responsive to said current signal I, and said frequency related voltage signal V1/e for
generating a frequency related power signal P /w;

second circuit means responsive to said current signal |, and said frequency related voltage signal V+/w for
generating a frequency related var signal Q,/w;

third circuit means for converting said frequency related power signal P/ to another frequency related
var signal Q¥*1/w; and

fourth circuit means for differencing said frequency related var signais Qi/w and Q*+/w to provide a
frequency related var command signal Q*y; and

wherein said converting means (v) includes fifth circuit means for converting said frequency related var
command signal Q*y to a capacitance command signal C*.

24. The control circuit of claim 23 wherein said fifth circuit means includes means for providing a signal
V12 proportional to the square of said voltage signal V1, and means for multiplying said frequency related var
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command signal Q*y by the inverse of the said signal V1> proportional to the square of said voltage signal,
thereby providing said capacitance command signal C¥.

25. The control circuit of claim 1 wherein said plurality of controlied rectifiers comprise thyristors and
said var generator (a) comprises an inductively loaded force commutated thyristor inverter having a
5 predetermined operating characteristic, 5
wherein said means (c) for establishing a capacitance command signal comprises,
(i) means for establishing a var command signal corresponding toc a command for vars; and
(ii} means for converting said var command signal o said capacitance command signal; and
wherein said control means (d} has a signal tranfer function which models at least a portion of the
10 operating characteristic of said var generator. 10
26. The control circuit of claim 25 wherein said predetermined operating characteristic of said var
generator comprises a non-linear characteristic and wherein said signal transfer function models at least a
portion of said non-linear operating characteristic of said var generator.
27. The control circuit of claim 26 and further comprising:
15 (e} means for establishing a capacitance feedback signal corresponding to the capacitance effected by 15
said inverter on said source;
(fi means for combining said capacitance command signal and said capacitance feedback signal to
provide a composite signal, said composite signal being applied to said control means (d);
(g} means for generating a difference signal between said capacitance command signal and said
20 capacitance feedback signal; 20
(h) another control means coupled to said difference signal for generating another gating angle
command signal;
(i) means for summing said first recited gating angle command signal and said another gating angle
command signal and providing thereby a summed angle command signal, and

25 wherein said summed angle command signal is applied to said means (b) for controlling firing angle. 25

28. The control circuit of claim 27 wherein said ancther control means (h) has a substantially linear
transfer function between prescribed limits.

29. A method of controlling a static var generator, including a plurality of controlled rectifiers coupled to
an alternating current source, which method comprises the steps of:

30 (a) controlling the firing angle of said controlled rectifiers in response to a gating angle command signal 30
for generating vars;

(b) establishing a capacitance command signal; and
(c) generating said gating angle command signal in response to said capacitance command signal.
30. The method of claim 29 and further comprising the step of:
35 (d) establishing another capacitance signal corresponding to the effective capacitance of said var 35
generator on said alternating current source; and
wherein said generating step {c) comprises the step of generating said gating angle command signal in
response to both said capacitance command signal and said another capacitance signal.
31. The method of claim 30 wherein said var generater comprises a force commutated inverter.
40 32. Themethod of claim 31 and wherein the controlled rectifiers comprise thyristors. 40
33. The method of claim 30 whearein said var generator comprises a current source var generator.
34. The method of claim 30 wherein said var generator comprises an inductively loaded force
commutated thyristor inverter.
356. The method of claim 29 wherein said var generator comprises a thyristor inverter and further
45 including the step of: 45
(d) operating said inverter in both leading and lagging modes of operation and generating leading and
lagging vars thereby.
36. The method of claim 35 and further comprising the steps of:
(a) establishing a capacitance fsedback signal corresponding to the effective capacitance on said inverter
50 of said alternating current source; and 50
wherein said generating step (c) comprises the step of generating said angle command signal in response
to both said capacitance command signal and said capacitance feedback signal.
37. The method of claim 36 wherein said var generator comprises an inductively loaded force
commutated thyristor inverter; and

55  wherein said generating step {(c} includes generating said gating angle command signal by modeling at 55

least a portion of the operational characteristic of said var generator.
38. The method of claim 37 wherein said modeling step comprises modeling substantially ali of the
operational characteristics of said var generator.
39. The method of claim 36 wherein said var generator comprises an inductively loaded force
60 commutated thyristor inverter having a non-linear operating characteristic. 60
40. The method of claim 39 wherein said generating step (c) additionally includes (i) establishing a
summation signal of said capacitance command signal and said capacitance feedback signal and (ii)
generating said gating angle signal in response to the said summation signal.
41. The method of claim 40 and further comprising the steps of:
65 (e) establishing a difference signal between said capacitance 65
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command signal and said capacitance feedback signal;

(f} generating another gating angle command signal in response to said difference signal;

{g) combining said first recited gating angle command signal and said another gating angle command
signal into a composite angle command signal; and

wherein said step (b) for controlling firing angle comprises controlling with said composite angle
command signal.

42, The method of claim 41 and further comprising the step of:

(h) scaling said capacitance command signal and said capacitance feedback signal by signal gain factors
Kand 1-K, respectively, where K is equal to or iess than unity, and

wherein said step of establishing a summation signal in accordance with step (c) comprises establishing a
summation signal of the capacitance command signal and the capacitance feedback signal following said
scaling step. .

43. The method of claim 29 wherein said var generator includes a plurality of thyristors and wherein said
step (b) for establishing a capacitance command signal comprises.

(i) establishing @ var command signal corresponding to a command for vars; and

(ii) converting said var command signal to said capacitance command signal.

44. The method of claim 43 wherein said var generator comprises an inductively loaded force
commutated thyristor inverter.

45. The method of claim 29 wherein said alternating current source supplies current and voltage to a load
and said var generator includes a plurality of thyristors; and

wherein said step (b) for establishing a capacitance command signal comprises the steps of:

(i} establishing a current signal I, proportional to the current supplied to the load;

(ii) establishing a voltage signal V1 proportional to the voltage supplied to the load;

(iiiy converting said voltage signal V1 to a frequency related voltage signal V/w where o = 2 wfand f
corresponds to source frequency;

{iv) generating var command signal in response to said current signal and said frequency related voltage
signal; and

{v) converiing said var command signal to said capacitance command signal.

46. The method of claim 45 wherein said var generator comprises an inductively loaded force
commutated thyristor inverter.

47. The method of claim 45 wherein said converting step (iii) comprises integrating said voltage signal;

wherein said generating step (iv) comprises: generating a frequency related power signal P /w in response
to said current signal I and said frequency related voltage signal V1/w; generating a frequency related var
signal Qi/w in response to said current signal I, and said frequency related voltage signal V/w; converting
said frequency related power signal P/ to another frequency related var signal Q*+/w; and differencing said
frequency related var signals Q/w and Q*+/o to provide a frequency related var command signal Q*y; and

wherein said converting step (v) comprises converting said frequency related var command signal Q*, to
a capacitance command signal C*.

48. The method of claim 46 wherein said converting step (v) further includes generating a signal V21
proportional to the square of said voltage signal V+ and muitiplying said frequency related var command
signal Q*y by the inverse of the said signal proportional to the square of said voltage signal for providing
said capacitance command signal C*.

49. The method of claim 47 and further comprising the steps of:

(d) establishing a difference signal between said capacitance command signal and said capacitance
feedback signal;

(e) generating another gating angle command signal in response to said difference signal;

(f) combining said first recited gating angle command signal and said another gating angle command
signal into a composite angle command signal; and

wherein said controlling step (b) comprises controlling firing angle with said composite angle command
signal.

50. The method of claim 49 wherein said inverter has a non-linear operating characteristic and wherein
said step {c) of generating said gating angle command signal includes modeling at least a portion of said
non-linear operating characteristic of said var generator in generating said first recited angle command
signal.

51. The method of claim 50 and wherein said step (e} of generating another gating angle command
sighal includes generating a signal in accordance with a substantially linear signal transfer function.

Printed in the UK for HMSO, D8818935, 11:84, 7102.
Published by The Patent Office, 25 Southampton Buildings, London, WC2A 1AY, from which copies may be obtained.
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